Introduction
It is widely recognized that small populations are at greater risk of extinction than are larger populations [1] . Small population dynamics are driven by stochastic events, and populations tend to decline to extinction through a variety of feedback mechanisms sometimes referred to as extinction vortices [2] [3] [4] . Support for the idea that small populations are unlikely to persist comes from observations of native and recently established populations [5] [6] [7] [8] [9] , and population viability analyses [10, 11] . Despite widespread theoretical and empirical evidence that small, isolated populations of vertebrates should not or do not persist, there are purported counter-examples in the scientific literature [12] [13] [14] [15] . Some authors have used such counter-examples to argue that minimum viable population size might be orders of magnitude smaller than concluded from other sources (e.g. [12, 16] but see [17] ). Thus, it is important to verify the persistence time for small isolated populations. Evaluating persistence times for such populations is also important for understanding the rate of evolutionary divergence. A widely cited example of a persistent, small, isolated vertebrate population is the Devil's Hole pupfish Cyprinodon diabolis [13, [18] [19] [20] , and it is on this species that we focus in this paper.
The Devil's Hole pupfish is endemic to a unique cavern-like habitat, Devil's Hole, that opened to the surface about 60 000 years ago [21] . Most researchers have assumed that pupfish were isolated in Devil's Hole 10 000 to 20 000 years ago as the local climate became drier [18] . However, hydrological evidence suggests the lack of a surface connection to Devils Hole [21 -23] , thus begging the questions of how and when pupfish colonized this habitat. Based on the extent to which this example is cited as a case of persistence in isolation, the Devil's Hole pupfish has reached iconic status. The timing of this colonization event, however, has not been evaluated.
Our goal was to evaluate the claim that the Devil's Hole pupfish has been isolated for 10 000 years or more. Specifically, we made the following assessments: (i) using count data since the 1970s and approximated carrying capacity, we estimated mean time to extinction (MTE); (ii) using this estimate, & 2014 The Author(s) Published by the Royal Society. All rights reserved.
we evaluated the likelihood that this population has persisted for 10 000 years or more; and (iii) we complemented these analyses with genetic analyses of microsatellite data to estimate time of coalescence between C. diabolis and a closely related congener.
Material and methods (a) Study system and species
Devil's Hole (36825 0 31 00 N, 116817 0 27 00 W) is deep, but Devil's Hole pupfish use only the upper 27 m of the water, with a surface area of about 0.008 ha, and all breeding occurs on a 3 Â 6 m shelf, which is considered the smallest known habitat for any vertebrate species [24] (E. S. Gustafson 1998, unpublished master thesis). The species is 2-3 cm long, breeds once per year and lives little over 1 year [25, 26] . Devil's Hole pupfish was listed as endangered because of a population decline coinciding with declining water levels from ground water removal in the late 1960s and early 1970s [27, 28] . After listing, regular population monitoring was initiated with censuses conducted twice each year to capture the pre-and post-breeding population sizes [28] (electronic supplementary material, table S1). The population size recovered during the 1970s, and until recently the breeding population size (low yearly counts, pre-breeding) varied from approximately 125 to 310 individuals each year; since then, the population has varied at a smaller population size (electronic supplemental material, table S1). More recently, the population declined sharply [29, 30] , and intense efforts are underway to assist in population recovery.
(b) Mean time to extinction
Foley [31] presented an equation to estimate MTE from a time series of count data: MTE ¼ (2n 0 =y r )(k À n 0 =2). Here, n 0 ¼ ln(N 0 ), the natural log of the population size at time 0, k ¼ ln(carrying capacity, K ) and v r ¼ variance in ln-transformed growth rate [var(r), where r ¼ lnl ¼ ln(N tþ1 /N t )]. For this model to be accurate, it assumes long-term r % 0 and exponential population growth with a ceiling. We also corrected our variance estimate for autocorrelation as per Foley [31] by replacing v r with v re : y re % ((1 þ r)=(1 À r))y r , where r is the correlation between r t and r tþ1 ; see [32] for validation of this approach.
We used only the low-count (spring) data for our analyses because the high-count data include a mix of adults and youngof-the-year fish. We analysed two sets of time series of low counts : 1972 -2004 and 1972-2014 (electronic supplementary material, table S1). We analysed both time series because there is a significant apparent change-point after the survey in 2004 (F 1,40 ¼ 72.0, p , 0.0001), coincident with a trapping accident that killed about one-third of the fish [33] ; this change-point might violate model assumptions. For the shorter time series, initial and ending population sizes were approximately the same. We calculated MTE for both time series for four initial population sizes, N 0 ¼ 100, 200, 300, 400, and for four different carrying capacities, K ¼ 300, 400, 450, 500. We used a perturbation style sensitivity analysis to determine the effects of changing k and v re .
Using approximate mid-points for mean times to extinction (MTE) for the two time series, we determined the probability of persistence across a broad time frame. Foley [31] provided a method to make this calculation assuming that extinction risk occurs at a fixed rate each year and that r is normally distributed. If extinction rate ( y) is fixed, then the distribution of extinction times is a negative exponential:
Here, m ¼ MTE; from the above analysis (see Results), we selected m ¼ 2600 years for the shorter time series and m ¼ 410 years for the longer series. We then solved for (1 2 y), the probability of persistence, across a range of x years (approx. 200 -20 000).
(c) When does Cyprinodon diabolis reach coalescence with a closely related congener?
Emerging Bayesian computational tools provide another avenue to examine time of isolation for Devil's Hole pupfish. We analysed microsatellite data (provided in [34] ) using approximate Bayesian computational analyses (ABC) (DIYABC v. 2.0) [35] to estimate divergence time of C. diabolis from the Point of Rocks population of Cyprinodon nevadensis mionectes. Earlier genetic work showed that populations of C. mionectes are closely related to C. diabolis [36, 37] . Our scenario also included microsatellite data for the Hoover Dam refuge population of C. diabolis that ultimately descended from the Devil's Hole population 5-25 generations earlier ( [38] ; see the electronic supplemental material, S-A).
Coalescence times of Devil's Hole with the Hoover Dam refuge and Devils Hole with the Point of Rocks C. n. mionectes population were estimated as were the long-term effective population size (N e ) of all three populations. The dataset included 12 microsatellite loci scored for 19 Devil's Hole pupfish (sampled across three time frames), 70 individuals from the Hoover Dam Refuge population of C. diabolis and 53 individuals from a population of C. n. mionectes ( [29, 34] ; see the electronic supplemental material, S-A). Our reference table, which consisted of 1 000 000 simulated datasets, formed the basis for parameter estimation. Preliminary runs showed a good fit (simulated not significantly different from observed) was observed for only five of 11 available summary statistics. Thus, each record of the reference table was based on various combinations of those five summary statistics. We ran five sets of approximations, each of which included allele size variance (V ) [39] for each population. The approximations included various combinations of the following two-population summary statistics: allele size variance, pairwise F ST [40] , Goldstein's dm 2 [41] and shared allele distance [42] (electronic supplementary material, table S2). We used the default generalized stepwise mutation model [43, 44] with a mean mutation rate across loci set at 10 23 to 10 24 per locus per generation. We used uniform priors with the same ranges for population sizes used by Zegers et al. have to be orders of magnitude larger. Both analyses show that K would have to be orders of magnitude larger than the largest fish count for Devil's Hole (late-season count of 553) to have credible likelihood of persisting 10 000 years. We also evaluated how reduced v re may affect persistence time. If we set carrying capacity for the shorter time series at 500 individuals, higher than any of the low-population size counts recorded, and N 0 ¼ 200, v re would have to be approximately 0.0035 for MTE to be approximately 10 000 years, almost an order of magnitude smaller (on a log scale) than that observed. Again, v re would have to be much smaller to achieve the same effect with the longer time series.
Using the 1972-2004 data, we estimated that the probability of Devil's Hole pupfish persisting 10 000 years is 2.1% if MTE ¼ 2600 years, and a median time to extinction [ ¼ m Â ln(2)] of 1800 years (figure 2). We further estimated that there is an approximate 68% probability of a population having persisted 1000 years and that a 95% probability coincides with only 133 years. Using the complete time series, the probabilities for Devil's Hole pupfish persisting 10 000 years and 1000 years is 2 Â 10 211 and 8.5%, respectively, while there is a 95% probability of persisting 21 years.
(b) Time to coalescence
The five simulations provided relatively consistent estimates for long-term effective population sizes. All approximations produced high median population sizes for Devil's Hole pupfish (389-483), which were constrained by setting the upper prior at N e ¼ 500. figure S1 ).
Discussion
Our results suggest that assertions in the literature about the long-term persistence of the Devil's Hole pupfish (see Introduction) have been overestimated and that the persistence of C. diabolis to modern times should be viewed more modestly. Based on our analyses, likely persistence time of the isolated population of Devil's Hole pupfish is well short of the 10 000-20 000 years asserted in the literature. Using population size data and its variability, we estimate only a 50% probability of persisting approximately 410-1800 years, depending on which portion of the time series is used; if one wants a higher probability, say 90% chance of persisting, the value drops to 30-275 years. These results were consistent with our analyses of the limited microsatellite data available, which showed median coalescence times of C. diabolis with C. n. mionectes ranged from a few hundred to a few thousand years. Note that this assessment assumes that observed stochasticity in the time series is representative of population sizes from the past to the present time. As the Devil's Hole pupfish has exhibited a much smaller population size since 2004 [29, 30] , its likelihood of persistence into the future is at the lower end of our projections because of its current smaller population size. Furthermore, this species should not be used as a general measure of minimum viable population size or as justification for protecting vertebrate populations at sizes that are inadequate for long-term persistence [17] . As the water in Devil's Hole has been isolated from other water sources for 60 000 years [21] , we conclude that pupfish colonized this habitat in the last few hundred to few thousand years. This assertion is supported by the observations that Devil's Hole water levels were exceptionally low during the Altithermal (6000 years ago) and that population size is correlated with water level [28] . The water level decline in the early 1970s led to the near extinction of C. diabolis [27, 28] , yet the duration of the water decline during the Altithermal probably lasted much longer [28] , suggesting that persistence of C. diabolis during the Altithermal seems doubtful.
Our analyses do not speak to the mode of colonization, but others have suggested that colonization could have been through subterranean waters or introduction over dry land [22, 28, 45] . A subterranean colonization would probably have involved pupfish from the nearest populations of Warm Springs pupfish (Cyprinodon nevadensis pectoralis); however, genetic analyses show C. diabolis to be more closely related to C. n. mionectes [46] . The overland colonization hypothesis is intriguing and infers a provocative sub-hypothesis that Native Americans rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141648 may have intentionally or unintentionally introduced pupfish to Devil's Hole; see [47] for a discussion on prehistoric translocation of fishes. In fact, Native Americans used pupfish as a food source in the nearby locations of Death Valley and Owens Valley [48, 49] , so this hypothesis seems reasonable. Although Devil's Hole pupfish is renowned for its low level of genetic diversity [36, 37] , more detailed genetic data would improve estimates of isolation time. Our estimates using Bayesian computational methods [35] to estimate time of coalescence varied from 217 to 2530 generations (years), but the same analyses provided unusually high estimates for the effective population size of the Devil's Hole population. Furthermore, the only approximations that would fit the data used a limited battery of the available summary statistics.
One might argue that isolation might be longer than our predictions because C. diabolis is a recognized species that presumably speciated since its isolation in Devils Hole. However, recent observations and experimental work suggest that observed divergence could be due to rapid evolutionary divergence and/or phenotypic plasticity. For instance, artificial refuge populations of C. diabolis showed rapid phenotypic divergence from the source population at Devil's Hole [50, 51] . Furthermore, the Devil's Hole pupfish traits have been experimentally induced in a congener (Cyprinodon nevadensis amargosae) by restricting diet and increasing water temperature to mimic Devil's Hole environmental conditions [52] . In a similar study system, Collyer et al. [53] showed rapid body shape evolution for a refuge population of White Sands pupfish. The evolutionary divergence of the refuge population occurred over a 30 year period and exceeded the divergence between two native populations that had been isolated for 3000-5000 years [53, 54] . Collectively, these observations show the morphological divergence of C. diabolis could have occurred over decades. Thus, morphological divergence per se may tell us little about time of isolation.
Molecular analyses using mt-DNA have shown a lack of recriprocal monophylly between C. diabolis and the various populations of the two subspecies of C. nevadensis [36, 46] . These researchers have suggested that incomplete lineage sorting could explain the lack of reciprocal monophyly between C. nevadensis and C. diabolis. Thus, the mt-DNA molecular data provide little insight regarding time of isolation for C. diabolis.
Based on our analyses, we conclude that rather than being an icon of unusual persistence in isolation, the Devil's Hole pupfish has only persisted a few hundred to a few thousand years. Nevertheless, its persistence is still noteworthy as several hundred individuals might not be expected to persist this long (e.g. [10, 11, 20] ). Because of its recent population decline [29, 30] , its likelihood of persistence (if unmanaged) has declined. Our analyses do not address alternative current management recommendations for the Devil's Hole pupfish but suggest that time might be short for saving this species. This pupfish is a recognized endangered species that is protected by law, and many efforts have been made to protect the species (e.g. [24, 27, 29, 30] ). Our results, however, do suggest that assertions in the literature about the long-term persistence of the Devil's Hole pupfish (see Introduction) have been overestimated and that the persistence of C. diabolis to modern times should be viewed more modestly. Furthermore, this species should not be used as a general measure of minimum viable population size or as justification for protecting vertebrate populations at sizes that are inadequate for long-term persistence [17] .
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